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In the present work, the effect of reset voltage, filament radius, filament resistivity, and oxide mem-
brane thickness on the nanoscale ZrO2 RRAM devices was reported. The present investigation is based on 
the thermal reaction model of RRAM. The outcomes show a decline in saturated temperature with a rise in 
the radius and resistivity of filament. Furthermore, increases in saturated temperature with an increase in 
oxide membrane thickness were observed for the ZrO2 based RRAM device. The saturated temperature of 
the device was mainly influenced by reset voltage, oxide layer thickness, filament size, and filament resis-
tivity. The simulation results of the present investigation can be beneficial for the optimization of RRAM 
devices.  
 
Keywords: Simulation, Resistive memory, Thermal reaction model, ZrO2. 
 
DOI: 10.21272/jnep.12(2).02008 PACS numbers: 78.20.Bh, 85.35. – p, 77.80.Fm. 
 
 
                                                                
* pramod.math@gmail.com.in 
† deokkeekim@sejong.ac.kr 
1. INTRODUCTION 
 
There is a huge demand for fast and scalable non-
volatile memory devices for storing enormous data pro-
duced by the various information outbreaks. In view of 
this, the development of new memory material and devic-
es is the need of the hour [1]. There are many potential 
candidates for the replacements for conventional silicon-
based memory devices with enhanced scalability and 
performance. The resistive switching (RS) based non-
volatile memory devices are among the best candidates to 
replace silicon-based memory devices [2]. Recent studies 
suggested that the resistive random access memory 
(RRAM) devices possess interesting properties required 
for data storage applications [3]. Among many materials, 
the ZrO2 is a probable candidate for the RRAM applica-
tion. Awais et al. have used the electro-hydrodynamic 
printing method to fabricate the flexible ZrO2 resistive 
(memristive) a metal-insulator-metal switch. The devel-
oped device exhibited memristive characteristics in regu-
lar operation as well as after being physically stretched 
over 500 times [4]. Castán et al. have deposited 
ZrO2:Al2O3 bilayer by the atomic layer deposition tech-
nique. They have studied the influence of dielectric com-
position and tested the devices for memory application. 
Their study suggested that the introduction of Al2O3 im-
proves the RS properties of devices [5]. Chandrasekaran 
et al. have reported that switching characteristics of a 
ZrO2-based electrochemical metallization memory exam-
ined by the effect of the TiW barrier layer [6]. Lee et al. 
have studied the effect of film thickness on ZrO2 based 
ReRAM. Their study suggested that the memory window, 
retention and endurance properties can be improved by 
increasing the thickness of an active switching layer [7]. 
Along with experimental studies, various theoreti-
cal and simulation work for RS applications have been 
reported in the last few years [8-10]. The temperature 
is a noticeable parameter that affects the RS proper-
ties. Many efforts were carried out to study the effect of 
temperature on the RS. Recently, Witzleben et al. have 
observed the temperature effect on the switching kinet-
ics of RS devices. Their study suggested that the heat-
ing of the device influences the switching speed [11].  
Yi et al. have reported RS behaviors graphene oxide 
(GO) at different annealing temperatures. Their study 
suggested that the WORM type memory behaviors can 
be observed at lower annealing temperature and RS 
property declined with increases in annealing tempera-
ture [12]. Raffone et al. have examined the role of tem-
perature in ReRAM switching by multiscale simulation. 
They have used kinetic Monte Carlo and finite differ-
ence methods and observed that the temperature is an 
essential factor in controlling the RS property [13].  
Here, we have investigated the effect of the conductive 
filament temperature on ZrO2 based RRAM devices using 
the thermal reaction model [14-15]. The temperature 
effect was studied by changing various physical parame-
ters of the device such as oxide thickness, the radius of 
filament, resistivity of filament, and RESET voltage.  
 
2.  THERMAL REACTION MODEL 
 
The thermal reaction model is centered around the 
forming and breaking of conductive filament localized 
within the oxide layer. It is interesting to know that the 
high current density ~ 10 – 9 A/cm2 is generally ob-
served during the reset process. In view of this, the 
effect of temperature on the RS property is obvious. 
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Therefore, it is important to investigate the tempera-
ture influence on RS properties. Fig. 1 represents a 
schematic of the thermal reaction model. The present 
model assumes a columnar filament path forming be-
tween two electrodes. Considering the resistance of 
filament (R) follows Ohms law, then the heating tem-
perature ΔT is given as, [14]. 
 
 
 
Fig. 1 – Cross-sectional view of the thermal reaction model 
used for simulation [14] 
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where K is thermal conductance and KR is radial ther-
mal conductance, which is given as, [14] 
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where k and k are thermal conductivities of materials, 
l is the oxide membrane thickness, r1 is the conducting 
filament radius, and r2 is a total radius [14]. 
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where C and  specific heat and density of the materi-
al, and t is heating time. Table 1 represents the physi-
cal parameters for the simulation study. 
 
Table 1 – Parameters varied during the simulation study 
 
Reset 
voltage 
(V) 
Oxide mem-
brane thick-
ness (nm) 
Resistivity 
of filament 
(µΩ.cm) 
Radius of 
filament 
(nm) 
0.5 200 25 20 
1.0 300 50 40 
1.5 400 75 60 
2.0 500 100 80 
– – – 100 
 
In the present analysis, we have studied the effect 
of the radius and resistivity of the filament with vary-
ing oxide membrane thickness and reset voltage on the 
saturation temperature behavior of the ZrO2 RRAM 
device. Physical parameters used for simulation are as 
follows: thermal conductivity of ZrO2 (k): 
0.035 W/cm/°C, thermal conductivity of Zr (k): 
0.23 W/cm/°C, specific heat of ZrO2 (C'): 0.475 J/g/°C 
and density of material (): 5.9 g/cm3. 
 
3. RESULTS AND DISCUSSIONS 
 
In the present study, we have used a ZrO2 material 
as a case study owing to its remarkable RS and 
memory properties [16]. For the first case, we have 
studied the effect of oxide membrane thickness (varied 
from 200 nm to 500 nm) and the effect of filament re-
sistivity (varied as 25, 50, 75, and 100 Ωcm) on the 
saturated temperature of filament at different VRESET 
(0.5, 1.0, 1.5, 2.0 V). Fig. 2 represents the exemplary 
results about the effect of resistivity and radius of the 
filament on the saturated temperature at 0.5 V reset 
voltage, 20 nm radius of the filament, 25 Ωcm resis-
tivity of the filament and 200 nm oxide membrane 
thickness. 
 
 
 
Fig. 2 – Exemplary results pertaining to the effect of resistivity 
and radius of the filament on the saturated temperature at 0.5 
V reset voltage, 20 nm radius of the filament, 25 Ωcm resistiv-
ity of the filament and 200 nm oxide membrane thickness 
 
Fig. 3 represents the effect of the above-mentioned 
parameters (Table 1) on the saturated temperature of 
the filament with respect to time. Fig. 2 shows the semi-
log plot of the time domain saturation temperature ef-
fect. It is observed that the temperature increases grad-
ually and gets saturated over a period of time. Further-
more, a sudden increase in the filament temperature is 
observed at the sub-nanosecond time scale, suggesting 
the complex RS dynamics play an important role. In 
Fig. 3a, the first line S1 represents 25 Ω cm filament 
resistivity at 20 nm filament radius, S2 for 40 nm fila-
ment radius up to 100 nm (S5), S6 again for 50 Ω cm 
with the same change in the oxide membrane thickness. 
For all other RESET voltages, the same pattern was 
observed, as shown in Fig. 3 (a to d). 
For more convenience, the data of Fig. 3 are plotted 
on the double log scale. The saturated temperature 
values are summarized in Table 2. The results suggest-
ed that the minimum and maximum saturated temper-
ature value increases as the RESET voltage varies 
from 0.5 V to 2.0 V. In addition to this, there is clear 
trend is observed for oxide thickness and saturated 
temperature values. It is observed that the minimum 
and maximum saturated temperature value increases 
as the active switching layer thickness varies between 
200 nm to 500 nm. 
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Fig. 3 – Effect of resistivity and radius of the filament on the saturated temperature at 0.5 (a), 1.0 (b), 1.5 (c), and 2.0 V (d) reset 
voltage with 200 nm oxide membrane thickness 
 
 
 
Fig. 4 – Effect of the radius of the filament on the saturated temperature at 0.5 (a), 1.0 (b), 1.5 (c), and 2.0 V (d) reset voltage with 
200 nm oxide membrane thickness 
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Table 2 – Effect of the physical parameters on the saturated 
temperature 
 
Oxide 
membrane 
thickness 
(nm) 
V_Reset 
(V) 
The maximum 
value of satu-
rated tempera-
ture (C) 
The minimum 
value of satu-
rated tempera-
ture (C) 
200 
0.5 34504.64 343.40 
1.0 138018.58 1373.59 
1.5 310541.80 3090.59 
2.0 552074.30 5494.38 
300 
0.5 51581.31 510.32 
1.0 206325.26 2041.29 
1.5 464231.83 4592.89 
2.0 825301.04 8165.15 
400 
0.5 68449.86 671.71 
1.0 273799.45 2686.84 
1.5 616048.76 6045.38 
2.0 1095197.79 10747.35 
500 
0.5 85045.26 826.03 
1.0 340181.04 3304.11 
1.5 765407.34 7434.24 
2.0 1360724.16 13216.43 
 
In addition to this, we have studied the effect of the 
radius of the filament on the saturation temperature, 
as shown in Fig. 4. The radius of the filament was vary-
ing between 20 nm to 100 nm. It is observed that the 
saturation temperature values decrease with the in-
crease in the radius of the filament. The value for the 
100 nm filament radius is nearly one-tenth than that of 
the value at 20 nm. This nature is observed for every 
change in resistivity of filament (from 25 Ω.cm to 
100 Ω.cm). Furthermore, a clear trend of increasing 
the saturated temperature values with respect to in-
creases in the RESET voltages are observed in the 
simulation results. In addition to this, this kind of na-
ture is repeated for every oxide membrane thickness 
values, confirming that the increase in the radius of the 
filament led to a decrease in saturated temperature 
values. 
 
4. CONCLUSIONS 
 
The conductive filament temperature is an essential 
parameter of the RRAM devices and the saturated 
temperature is directly connected to the reliability of 
the memory devices. In general terms, the lower relia-
bility of the device can be observed at a higher saturat-
ed temperature. In view of this, the small value of satu-
ration temperature leads to high-performance RRAM 
devices. The results in the present investigation sug-
gest that the temperature of the filament increases 
gradually and gets saturated over the period of time. 
Furthermore, a sudden increase in the filament tem-
perature is observed at the sub-nanosecond time scale, 
suggesting the complex RS dynamics play an important 
role. The simulation results suggested that the mini-
mum and maximum saturated temperature value in-
creases as the RESET voltage varies from 0.5 V to 
2.0 V and also increases as the active switching layer 
thickness varies from 200 nm to 500 nm. It is observed 
that the saturation temperature values decrease with 
the increase in the radius of the filament. Furthermore, 
a clear trend of increase in the saturated temperature 
values with respect to increases in the RESET voltages 
is observed. This kind of nature is repeated for every 
oxide membrane thickness values, confirming that the 
increase in the radius of the filament led to a decrease 
in saturated temperature values. 
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